To evaluate an augmented reality (AR) system in combination with a 1.5-T closed-bore magnetic resonance (MR) imager as a navigation tool for needle biopsies.
Results:
For the 50 virtual targets, a mean error of 1.1 mm Ϯ 0.5 (standard deviation) was calculated. A repeated measures analysis of variance indicated no statistically significant difference (P Ͼ .99) in the errors in any particular orientation. For the real targets, all punctures were inside the 6-mm-diameter tube in the transverse plane. The needle depth was within the target plane in 11 biopsy procedures; the mean distance to the center of the target was 2.55 mm (95% confidence interval: 1.77 mm, 3.34 mm). For nine biopsy procedures, the needle tip was outside the target plane, with a mean distance to the edge of the target plane of 1.5 mm (range, 0.07-3.46 mm). In the animal experiments, the puncture was successful in all 10 cases, with a mean target-needle distance of 9.6 mm Ϯ 4.85. The average procedure time was 18 minutes per puncture.
Conclusion:
Biopsy procedures performed with a combination of a closed-bore MR system and an AR system are feasible and accurate.
M agnetic resonance (MR) imaging guidance for interventional procedures receives continually increasing attention. Open MR imagers designed in a C-arm or a double-doughnut fashion allow the physician patient access during imaging inside the magnet. In this way, biopsy needles or applicators for thermal ablation can be inserted with immediate real-time MR imaging feedback (1) (2) (3) (4) (5) . However, such imagers are not widely available, and most of the open MR imagers operate at low field strength, which can hamper overall image quality and create substantial challenges for applications such as thermomonitoring (5-7), fast imaging, or functional imaging. Conventional closed-bore MR imagers operate at high field strength, provide excellent image quality for a multitude of imaging techniques, and are available in virtually every hospital in the Western world. However, the performance of MR imagingguided procedures, such as biopsy and thermal ablation, is difficult with a closed-bore MR imager because the patient has to be moved back and forth between a position outside of the magnet bore, where a needle can be manipulated, and an imaging position inside the magnet bore, where images can be acquired. Therefore, the procedure must be performed in a "stop-and-go" fashion; in complicated cases, the number of repetitions of the patient's entrance into and exit from the imaging system can become substantial and thereby increase the procedure time (1) (2) (3) (4) (5) .
In contrast to conventional image guidance, in which the instrument and anatomy are seen on a screen separate from the patient, augmented reality (AR) image guidance maps the medical data onto the patient's body. The physician can see beyond the surface, and the patient's body becomes transparent. Anatomic structures visualized by means of MR images acquired immediately before the start of the procedure are displayed at their actual location. This is a very direct and intuitive way of presenting image information that can be used for image-guided procedures, as well as for other commercial and research applications (8) . In recent years, medical AR systems have been investigated for neurosurgery (9) (10) (11) , laparoscopic surgery (12) , cardiac interventions (13), oral implantation (14, 15) , ultrasonography (US)-guided procedures (16) , and interventional MR imaging (17, 18) .
Thus, the goal of this study was to evaluate an AR system in combination with a 1.5-T closed-bore MR imager as a navigation tool for needle biopsy.
Materials and Methods

System Hardware
The AR system was provided by Siemens Corporate Research (Princeton, NJ). Three authors (F.S., S.V., and A.K.) are employees of Siemens Corporate Research. The authors who are not Siemens employees had full control of inclusion of any data and information that might present a conflict of interest for those authors who are Siemens employees.
The AR system consists of a custommade video-see-through head-mounted display (HMD) (Proview XL35; Kaiser Electro-Optics, Carlsbad, Calif) with extended graphics array resolution and a 35°diagonal field of view. Two color video cameras (GP-KS1000; Panasonic, Osaka, Japan) attached to the HMD provide a stereoscopic view of the scene; these cameras have a 15-mm lens and 30°field of view. A third headmounted video camera (XC-77RR; Sony, Tokyo, Japan), rigidly attached to the two other cameras, is added onto the HMD for tracking (Fig 1a) ; it has a 4.8-mm lens and 95°field of view. The tracking camera is responsible for measuring the viewer's position and orientation in relation to an optically linked reference frame attached to the MR imaging table and surrounding the desired workspace (Fig 1) . The position and orientation information facilitates rendering of the medical imaging graphics from exactly the observer's vantage point, making it appear firmly anchored with respect to the real scene. A second set of optical markers is attached to the biopsy needle (Fig 1b) . Frame and needle marker sets provide the position and orientation of both the observer's viewpoint and the biopsy needle, respectively. The system runs on a single personal computer (Precision 530; Dell, Round Rock, Tex) and achieves realtime performance-that is, 30 frames per second, with a latency of about 0.1 second compared with the real scenethereby generating a stable augmentation with no apparent jitter visible in the composite images. All procedures were performed by using a 1.5-T closed-bore magnet system (Magnetom Sonata; Siemens Medical Solutions, Erlangen, Germany). MR and AR computers were linked through a standard 100 megabits/sec Ethernet connection.
Calibration
To calibrate the MR and AR frame coordinate system, a calibration phantom with four MR fiducial markers and eight retroreflective optical markers was used. A high-spatial-resolution MR data set (three-dimensional fast imaging with steady-state precession sequence [repetition time msec/echo time msec, 9/5; flip angle, 25°; in-plane resolution, 0.9 ϫ 0.9 ϫ 0.9 mm; one signal acquired; bandwidth, 260 Hz/pixel]) was acquired with the calibration phantom at the center of the workspace surrounded by the frame marker set. A homogeneous transformation matrix was computed that could map any point in the MR coordinate system to the AR frame coordinate system once the relationship between the optical markers of the phantom and the AR frame coordinate system was established. This transformation matrix allowed augmentation of the MR sections with any generated computer graphics. The entire calibration procedure lasts 12-15 minutes. The matrix can be used without repeated calibration as long as the reference frame stays rigidly attached to the MR imaging table. In a second step, the needle is automatically calibrated to the marker cluster. This must be done prior to each biopsy to allow use of a new sterile needle for every puncture. After the clip-on marker cluster is firmly and rigidly attached to the needle, five to 10 poses of the marker cluster-needle complex are recorded with the stereo cameras of the HMD while the needle is rotated around its tip on a sturdy surface. We then apply a minimization scheme that results in the coordinates of the needle tip with respect to the attached marker cluster. On the basis of these data, needle position and orientation can then be computed during the intervention from the position and orientation of the marker cluster. In the AR view, the needle is augmented with a virtual cylindric tube. The needle calibration procedure takes 8 -12 seconds.
Phantom Experiments and Statistical Analysis
The biopsy phantoms consisted of round buckets filled with hydroxyethylcellulose (500 g hydroxyethylcellulose in 2000 mL H 2 O; Natrosol gel, Hercules, Wilmington, Del). To mimic lesions within the phantom, 20 hollow plastic tubes, 6 mm in diameter and height, were embedded in the gel phantom. The tubes were placed, with their longitudinal axis parallel to that of the round bucket, at different spatial locations and levels inside the bucket and deep enough that they could not be seen with the naked eye. The gel was stiff enough that internal deformations caused by inserting a needle into the phantom were not substantial. For the virtual target experiments, a round bucket filled with Natrosol gel without real targets was used. The needle used for the simulated biopsy was a 20-cm-long MR-compatible 18-gauge needle.
MR images of the gel phantom with the tube targets were acquired by using a transverse T1-weighted spin-echo sequence (200/4.4, 90°flip angle, 5-mm section thickness, 256 ϫ 256 matrix, in-plane resolution of 0.7 mm/pixel) and were then transferred to the AR system computer. By using these MR images, we segmented the targets and generated three-dimensional graphical models of each target by using a separate interactive custom-made segmentation tool. For the virtual target experiments, the targets were generated arbitrarily throughout the phantom.
To perform the needle placement for the biopsy experiments, the MR table containing the phantoms was moved to a position outside the imager. By using the HMD, the radiologist was shown a stereoscopic video view of the phantom overlaid with a graphical representation of the targets. Furthermore, the real biopsy needle was graphically enhanced with a thin virtual cylinder. In addition, a 7-cm-long thin virtual cylinder of a different color was used to represent the linear extension of the needle from its tip. This virtual extension makes it easy to aim the needle at the target while the needle is still completely outside the phantom.
Twenty biopsy experiments with tube targets and 50 experiments with virtual targets were performed by one of the authors (F.K.W.). The sample size for the study was not calculated a priori. The number of trials was predominantly determined as the most reasonable within the time and resource budget restrictions. The key personnel and equipment had to travel to the site with the required compatible MR imager and animal housing and testing facilities to conduct the tests. Prior to every experiment, the object of interest was augmented into the physician's HMD view. After the physician completed the AR-guided needle insertion, the location of the needle tip was recorded in the augmented reality coordinate system. Hydroxyethylcellulose gel droplets doped with gadopentetate dimeglumine (concentration, 0.5 mmol/L; Magnevist, Berlex Laboratories, Wayne NJ) were inserted through the needle and left in place inside the gel phantom at the needle tip (F.S., D.R.E.). The total puncture time from displaying the target on the HMD to reaching the final needle position was recorded. Transverse MR control images were then acquired to assess the hit rate, the distance of the markers to the center, and the minimum distance to the inner edge of the tube target in plane (lateral deviation). To assess the depth deviation of the marker, the distance of the marker to the center of the MR image that was used for preprocedure planning was measured by two authors in consensus (S.G.N., S.V.). The confidence limits of the achieved in-plane hit rate were estimated (19) .
Two different placement errors were calculated (J.A.J.). The virtual placement error (or user error) is the Euclidian distance between the virtual needle tip recorded in the AR space at the end of the puncture and the virtual target center in all three dimensions. This error depicts how well the physician follows augmented guidance. A repeated measures analysis of variance was used to determine whether the placement error in a particular dimension, x, y, or z, differed from the others. To test for possible interactions between errors in x, y, and z dimensions, the R 2 values and associated P values were obtained from calculations of the Pearson product-moment correlation coefficients. R 2 value was selected for analysis to illustrate the very low proportion of variance accounted for by a linear relationship between x, y, and z error components (Table 1 ). The correlations between the errors in the x, y, or z direction are illustrated in Figure 2 .
The real placement error is the distance between the tube target center and the gadolinium-enhanced marker position, as computed from the MR control images. This error shows the end result, which is the position of the real needle tip with respect to the center of the lesion target. The distance from the nearest target boundary in the x-y plane was calculated to determine how close each placement came to missing the target or, in the case of a miss, how close the placement came to reaching the target. The distance from the center of the target z coordinate (puncture depth) was also measured by two authors in consensus (F.K.W., S.V.) to determine operator variability and the mean and range of how far from the target boundary misplacements were located. The confidence interval for the margin of error of our puncture technique was calculated for a lateral deviation on the basis of the minimum distance of the Table 1 . marker from the inner edge of the tube target. To test the puncture results for a temporal learning curve, the mean and variance of the first half of the data were compared with those of the second half of the data. (Fig 3a) . The images were then transferred to the AR computer and, on the basis of these images, targets were selected and marked in the augmented space by using small circles with a diameter of 5 mm. Ten puncture attempts were performed by one author (F.K.W.) with AR guidance by using the pancreatic tail (n ϭ 3), the gallbladder (n ϭ 3), a renal calyx (n ϭ 2), and a central bile duct (n ϭ 2) as targets. For the actual puncture, transparent MR sections containing the target and the skin entry site were augmented into the HMD to enhance the location perception of the targets and to allow the interventionalist to avoid crossing important structures (Fig 3b) .
Animal Experiments and Data Analysis
Immediately after the AR-guided puncture outside the magnet, the clip-on marker was removed from the needle and the animals were brought back into the imager with the biopsy needle still in position to verify the needle position on MR images (Fig 3c) . The distance of the needle tip from the actual target was measured in three dimensions by two authors in consensus (F.K.W., S.G.N.), and the Pythagorean distance, D, was calculated as follows:
, where a, b, and c are the distances from needle tip to target in each dimension x, y, and z, respectively.
The duration of the preprocedure imaging, image transfer, skin-to-lesion time, target display on the HMD-to-lesion time, and puncture time, which ranged from the selection of the target on the MR planning images to the confirmation of the final needle position on an MR image, were all recorded. The procedure time for each biopsy was calculated as starting with the beginning of the preprocedure imaging and ending with the end of the acquisition for the MR images that confirmed the final needle position after each biopsy. The procedure time per animal was the cumulative puncture time of multiple biopsies performed in one animal. This would allow assessment on multiple puncture trials in a single patient if multiple needle passes were necessary or if the target was missed and repositioning was necessary. Binomial probability confidence limits were calculated with Java applets (J. A. Veeh, Auburn University, Auburn, Ala; available at: http://javeeh .net/statapps/Binn.html). All other statistical calculations were performed with SPSS software (SPSS for Windows, version 11; SPSS, Chicago, Ill).
Results
Phantom Experiments
By using AR guidance, the interventionalist was able to quickly locate an appropriate point of entry into the phantom, as well as an appropriate angle of insertion. Before the needle was actually entering the phantom, the virtual extension of the biopsy needle body helped to plan the exact needle path and to make sure that the needle extension intersected the center of the virtual lesion target. The physician then inserted the needle with a firm and constant motion along the desired straight needle path all the way to the lesion target. The mean puncture time from the display of the targets to the final needle position was 4.2 seconds (range, 1.8 -9.3 seconds).
The evaluation between the threedimensional coordinates of the needle tip position in the AR space and the virtual target position with known three-dimensional coordinates in 50 biopsy procedures showed a mean error of 1.13 mm Ϯ 0.5 (standard deviation) in all directions, with a maximum error of 2.6 mm. This result represents the precision with which the radiologist is able to perform the AR-guided needle placement procedure assuming that the AR system itself is error-free. The mean error for the first 35 punctures was 1.18 mm and that for the last 35 punctures was 1.08 mm, with an increase in variance for the second half (0.33 vs 0.14), which makes a strong learning curve bias unlikely. There was no statistically significant difference between errors in the x, y, or z directions (repeated measures analysis of variance: F ϭ 1.48; df ϭ 2, 48; P Ͼ .99).
In all 20 real target punctures, the radiologist correctly placed the tip of the needle inside the lesion targets. As recorded on the MR images of the phantom after the puncture, all gadoliniumdoped droplets were inside the 6-mmdiameter tube in the transverse plane. Given a 100% hit rate in all experiments, the point estimate of the presumption of a correct placement was 1.00, with a 95% confidence level that the true presumption of a correct placement was greater than 0.83. The average minimum in-plane distance to the inner edge of the tube, beyond which placement would have been counted as a miss, was 1.44 mm (95% confidence interval: 1.01 mm, 1.87 mm). In four cases there was a minimum distance of zero, which corresponds to a droplet placement just on the inner target edge. The needle depth was within the 5-mmthick target plane in 11 biopsy procedures, which corresponds to a likelihood of a correct placement of 0.55 (95% confidence interval: 0.32, 0.77). The mean distance from the center of the target plane was 2.55 mm (95% confidence interval: 1.77 mm, 3.34 mm). In nine biopsy procedures, the needle tip was outside the 5-mm-thick target plane, with a mean distance to the edge of the target plane of 1.5 mm (range, 0.07-3.46 mm).
Animal Experiments
The interaction of the virtual needle extension with the virtually enhanced target and the augmented semitransparent MR images (Fig 3) provided abundant information and guidance, leading to a straightforward puncture with an average skin-to-target time of 11 seconds (range, 3-18 seconds). The average time from displaying the target on the HMD to reaching the target was 30 seconds. Preprocedure imaging took less than 5 minutes for all experiments, and the mean image transfer time was less than 35 seconds. All procedure times are given in Table 2 . The targeted puncture outside the MR imager was successful in all 10 cases, with a maximum error of 10 mm in a particular dimension, x, y, or z, and a mean Pythagorean distance of 9.6 mm (standard deviation, 4.85 mm) from the biopsy needle to the target.
Discussion
The MR image-based AR system presented in this study has proved to effectively facilitate needle biopsy outside the MR imager. The AR system uses MR images acquired immediately before the procedure and maps them into patient space, thus providing additional information that augments the real world. A three-dimensional display enables the physician to perceive the MR images in situ. In contrast to virtual reality, where reality is replaced with a completely virtual environment, AR incorporates the computer graphics into the reality of the user. Because of the stereoscopic view of the augmented scene, a tumor on the image appears in the location of the actual tumor, below the patient's skin. Mapping a biopsy needle into the same space enables the physician to monitor how the graphic representations of the needle path and the needle merge with the tumor. Augmented MR images reconstructed along the needle path help to avoid crossing vital structures. The AR system makes hand-eye coordination very intuitive. Since the preinterventional MR data set can be acquired and reformatted in any plane, there are no restrictions for choosing the entry point of the puncture. In addition, bore diameter and needle length are not issues because the actual procedure is performed outside the magnet bore without any spatial restrictions. This is also beneficial for patient comfort and access. An MR image-based AR navigation system has the potential to make the usually tedious and time-consuming MR-guided interventions in a closedbore imager more efficient, with targeting and puncture times similar to those of computed tomography (CT)-guided punctures (20, 21) .
A limitation of the current AR navigation system is that the patient must be immobilized during the intervention. Although it might be feasible to induce anesthesia for complicated procedures such as thermal ablation, it is not acceptable for biopsy. Possible solutions for detection of patient movement would be the implementation of external landmarks to the patient's body. In relation to the frame of reference of our system, such markers could then be used to detect and correct for patient movement outside the magnet bore (16, 22) . Internal organ movement is another challenge with the AR system, which is currently limited to targeting retroperitoneal, musculoskeletal, and pelvic lesions without movement caused by breathing. To target liver lesions that move during the breathing cycle, a breathing motion correction must be implemented. There are simple solutions that have already been implemented for CT-guided punctures (23) . More complex solutions could be based on methods used in radiation therapy, as well as on those used in positron emission tomography-CT image fusion (12, (24) (25) (26) (27) . However, neither patient nor breathing motion correction will account for the internal target displacement or deformation during needle advancement. This can be overcome by performing control imaging during the course of an intervention, similar to what is normally done with CT guidance or, technically more challenging, by using a deformable finite element model that predicts deformations of the target organ (28, 29) .
Another drawback of the current prototype system is the weight of the HMD. During our experiments the HMD became uncomfortable to wear after approximately 30 minutes. This might not be an issue for clinical punctures with a single target because the average procedure time in our animal experiments was well below this time frame, and wearing the HMD is required only for a fraction of this time frame. However, implementation of lighter displays and smaller and lighter cameras, which are already commercially available (16, 30) , will help to increase the comfort of future HMDs. Another solution might be to replace the HMD with a translucent display mounted on a swivel arm.
A limitation of the current study is that multiple measurements were obtained in the same animal. However, the anatomic locations of the different targets were distributed throughout the bodies of the animals. Between the puncture procedures, the animal was brought back into the MR imager for control imaging. When aiming for a new target, the interventionalist had to access the animal from a different entry site, cross different structures, and use a new set of MR images for puncture control on the AR display; therefore, a learning curve bias seems to be unlikely in the animal experiments.
There are certain topics that should be addressed before using an AR-guided system. It is important to note that the reference marker frame needs to be firmly attached to the MR imaging table to avoid repeated calibration between patients. Along the same line, rigid attachment of the needle marker cluster, a stiff needle, and precise needle calibration are crucial to correctly augment the needle, as this is required for a successful biopsy.
In contrast to CT, for which a multitude of puncture-guiding devices are commercially available (31) , there are only a few reports on such systems in MR imaging. The AR system provides an alternative to remotely guided robotic biopsy devices that were developed for breast biopsies with MR guidance in a closed-bore imager (32, 33) . In contrast to the "in-bore" biopsy with a robotic system, the AR-guided biopsy is performed outside the narrow magnet bore, thus enabling direct patient-physician contact, full tactile control of the procedure, and the use of devices such as radiofrequency electrodes and drainage catheters that do not fit well in a magnet bore because of their length. The AR-guided biopsy procedure used in this pilot study seems to be faster than what is reported in the literature about robotic devices (33, 34) . The puncture time measured with our AR system is in the range of that of conventional CT fluoroscopy-guided procedures (20, 21) .
In conclusion, AR guidance based on MR images for percutaneous biopsies is feasible and allows intuitive and accurate needle localization in phantoms as well as in animals. It has the potential to facilitate percutaneous interventions in the "procedure-hostile" MR imaging environment. It remains to be seen what procedures benefit most from the dynamic association of patient and image data. For simple biopsies, an experienced interventionalist will not ask for such a guidance tool, although augmented real-time visualization of important landmarks and critical structures might be helpful for less experienced users. However, given the cost and availability, US and CT guidance will remain the "workhorses" for biopsy procedures, and MR imaging is only mandatory if a lesion can be seen only on MR images or if radiation exposure should be avoided, such as in children. For more complex procedures, such as thermal tumor ablations that require positioning of multiple applicators and puncture of multiple lesions, AR guidance might be of help not only to reduce puncture risk and procedure time and to allow for more complete and radical therapy but also to seamlessly utilize MR imaging for monitoring thermal lesions and assessing end-organ function. The exceptional value of MR imaging for thermal ablation monitoring (7) encourages some groups to use either an open MR imaging approach (5, 6, 35) or a dual imaging modality approach, in which MR imaging is combined with either CT or US (36, 37) . Under these circumstances, a clinical AR system could be a powerful tool, and the cost of AR guidance would be negligible compared with reimbursement for thermal ablation procedures and potential patient benefit.
Practical application: An AR system based on MR images provides a fast means to perform radiation exposurefree percutaneous interventions with a closed-bore MR imager. While results reported here are preliminary and of limited scope, we believe that they suggest the potential of AR visualization for patient care. Ͼ
